The aim of the present study is to investigate the influence of the laser hybrid welding parameters on the solidification cracks in the weld root for partial penetration welding. Welding trials were performed on thick-walled high-strength steels of grade S690QL under the same critical restraint intensity, with a variation of the welding velocity, wire feeding rate, and the focal position of the laser beam. It was ascertained that the welding velocity has a high impact on the solidification cracking phenomenon. A decrease in the welding speed leads to a reduction of the number of cracks in the weld root. The arc power has also a slight influence on the solidification cracking, while the change of the focal position of the laser beam shows also a remarkable effect. Besides, numerical simulation was performed to understand the thermomechanical behavior of the welds for different welding parameters to assist the interpretation of the experimental results.
Introduction
In recent years, laser-based welding processes such as laser beam welding (LBW) or hybrid laser-arc welding (HLAW) became important welding processes in welding of thick materials. The HLAW provides many advantages over conventional arc-based welding processes such as gas metal arc welding (GMAW) or submerged arc welding (SAW) and pure LBW. The coupling of the laser beam and arc welding in one process zone has been presented at the end of the 1970s [1] . The high energy density of the laser beam ensures a high penetration depth and high welding speeds and significantly decreases the welding distortion due to reduced heat input, whereas LBW joints tend to have high cooling rates and a decrease in the toughness of the welded joints. A special focus on edge preparation is also necessary since the LBW is sensitive to manufacturing tolerances such as gaps and misalignment of edges. The additional supplied energy of the arc welding process and the filler wire serve to overcome these disadvantages [2] . Above all, the HLAW process prevailed in some industrial applications such as the shipbuilding industry in the 2000s [3] . Panels with dimensions up to 20 m × 20 m are welded with the HLAW with reduced thermal distortion, which was mainly the driving force of the use of this technology in shipbuilding. This also reduces reworking time necessary after welding such as straightening works. Considering that the total weld joint length for a passenger ship can be up to 400 km, costs for straightening are estimated from 15 to 30% [4, 5] . The thickness of the welded material is as far as 15 mm. Although there are already laser systems with output power up to 100 kW in the market, their application for welding of thick sections is still far from real industrial scale and remains restricted to a few cases mostly where the thickness of the parts does not exceed 15 mm due to certain technological limitations. One of the limiting factors is the formation of imperfections of the weld joint such as cracks. Several studies and theories were performed to investigate the cause of the formation of solidification cracks and to overcome this limitation.
Solidification crack formation is influenced by the interaction of mechanical, thermal, and metallurgical factors during welding [6] . Apblett and Pellini [7] hypothesize that solidification cracking occurs due to a critical strain at a temperature slightly above the solidus temperature. A thin film of liquid is present between the dendrite structures, which leads to the formation of hot cracks if the highly localized strains in the liquid films exceed their critical limits. This liquid film contains impurities, low-melting eutectic, and iron sulfide (FeS), which has a solidus temperature of 988°C [8] . Prokhorov [9] [10] [11] found that cracks are formed in a temperature range between the solidus temperature T S and the liquidus temperature T L , the so-called brittle temperature range (BTR). Hot cracks will occur if the strain during solidification exceeds the deformation capacity. Studies by Zacharia et al. [12] showed a functional relationship between the resulting stresses in the weld and the formation of hot cracking, which was presented via in situ observations and numerical simulations. A metallurgical model based on the ratio of the cooling-related volume deformation, the so-called rate of shrinkage (ROS) and the rate of feeding (ROF) for closing the cavity, was represented by Feurer [13] . Hot cracks are formed if the shrinkage rate exceeds the feeding rate.
The weld shape geometry plays also a significant role in the formation of solidification cracks. A large depth-towidth ratio often leads to the formation of centerline cracks for high-power laser-based welding processes. The center of the weld solidifies at last and therefore contains large columnar-shaped grains, which impinge on each other. Thereby, voids between the grains arise, which cannot be filled with the molten filler being added from above. Numerical and experimental analyses by Bakir et al. [14] show that a bulging region is created in the centerline due to the Marangoni vortex on the surfaces. Solidification cracks are expected in the bulging region. This phenomenon is more frequent for partial penetration welds. Gebhardt et al. [15, 16] show that cracks are formed close to the weld root. As the wire feed speed increased, the number of cracks could be reduced. Growth in penetration depth due to an increase of the laser power showed the opposite effect. The welding speed, which was variated in a range between 1.7 and 3.2 m min −1 , showed no significant influence on the crack number. Schaefer et al. [17] demonstrated that crack formation can be eliminated for partial penetration HLAW using a higher optical magnification of 2.67. They also showed that the focal position of the laser beam affected the melt flow during laser welding of steel, the keyhole shape, and the weld pool geometry [18] . However, these modifications of the melt flow were mainly on the upper half of the weld pool.
This study primarily attempts to investigate the influence of HLAW parameters on the solidification crack formation for partial penetration welds under defined restraint conditions. F u r t h e r m o r e , a n u m e r i c a l m o d e l b a s e d o n t h e thermomechanical analyses is developed to understand the influence of welding parameters which show experimentally impact on the crack formation.
Experimental setup
The high-power Yb:YAG thin disk laser TruDisk 16002 with a maximum output power of 16 kW, an emission wavelength of 1030 nm, and a beam parameter product of 8 mm × mrad was used as the laser beam source. The laser radiation was transmitted through an optical fiber with a core diameter of 200 μm. With an optical magnification of 2.1, the spot focus diameter of the laser beam was 0.42 mm. A welding machine Quinto GLC 603 with a maximum output power of 600 A served as an arc welding power source. The laser axis was positioned 90°to the weld specimen surface, and the GMAW torch was tilted 30°relative to the laser axis. The experiments were carried out with an arc leading orientation and a distance of 4 mm between the two heat sources. The wire stick-out was kept at 18 mm. The Controlled Tensile Weldability test (CTW) [6, 19] was used for all experiments under a defined restraint intensity of 20 kN (mm mm) −1 . A set of experiments was performed in advance with a variation of the restraint intensity between 3.5 kN (mm mm) −1 and 80 kN (mm mm) −1 . An increase in the number of solidification cracks was ascertained at 20 kN (mm mm) −1 that is why it was determined as a critical restraint intensity for crack formation for this study.
The loading direction was perpendicular to the welding direction. Therefore, the plates were clamped between two jaws. The experimental setup is shown in Fig. 1 .
The welding experiments were conducted on 15-mm-thick plates of S690QL grade high-strength steel in a butt joint configuration. A solid wire Union X85 (G 79 5 M21 Mn4Ni1,5CrMo according to EN ISO 16834-A) with a diameter of 1.2 mm was used as a filler wire. The welds were performed under the gas shielding. The gas mixture consisted of 82% Ar and 18% CO 2 . The gas flow rate was 20 l min −1 . Table 1 shows the chemical composition of the materials used. The chemical composition of the base material and filler material were measured by OES spectral analyses.
A series of experiments were designed with a variation of the welding speed (v w ), the wire feeding rate (v wire ), the focal position of the laser beam (z f ), and the laser power (P L ). The laser power was adjusted to ensure the same penetration depth for each welding speed for better comparability. The welding parameters are presented in Table 2 .
The evaluation is carried out by means of X-ray examinations and metallographic examinations (preparation of macro sections).
The influence of the focal position on the crack formation was investigated depending on the welding speed. To carry out experiments, a 3-level factorial design with two parameters (factors) was adopted. In this experiment, the wire feeding rate and laser power were constant and have a value of 8 m min −1 and 7 kW, respectively. In Table 3 , the used factor levels for the welding speed and the focal position are listed. Table 4 shows the 3-level factorial design and the welding parameter combination.
In this design of experiments (DoE), the center value of the focal position was − 3 mm and for the welding speed 1.5 m min −1 .
Numerical model
A three-dimensional model was employed to perform the thermomechanical simulation. The stress-strain diagram was taken from the SYSWELD material database [20] . The data was supplied for S355J2G3 and scaled for the S690QL. The thermophysical material properties were kept the same. The material was assumed to follow an elastoplastic law with isotropic hardening behavior (von Mises plasticity model). Phase transformation is also considered in the model. The clamping has been replaced in the model with three-dimensional spring elements that have a similar stiffness like the CTW test. This simplification was also used by [15, 21] . Figure 2 shows the dimensions of the model. The applied boundary conditions used in the thermomechanical model are shown in Fig. 3 . The phase transformation is also considered in the model. The material properties of all elements reaching the AC3 temperature changed during the cooling of austenite. When austenite is cooled to the M f temperature, the material properties of the elements changed to martensite. Elements that do not reach temperature AC1 maintain the properties of the base material. The birth and death feature was employed for all elements receiving an average temperature of 1440°C. All these elements were "killed." This elements' stiffness matrix was multiplied by a penalty factor, and all strains, including the plastic strains, were eliminated.
Two heat sources were applied to calculate the temperature for the laser hybrid welding process, the double-ellipse heat source according to Glodak [22] for the arc and the volumetric conical heat source for the laser according to [23] . The numerical simulations were performed for the welding parameter which provided an influence on the crack formations to understand the stress development and its influence on the crack formation.
Results and discussion
The X-ray images for the specimens welded under 7.2 m min −1 wire feed speed and welding speeds of 1 m min −1 , 1.5 m min −1 , 2 m min −1 , and 2.5 m min −1 are shown in Fig. 4 . The laser power has been adjusted to 7 kW, 9.5 kW, 10 kW, and 12.5 kW, respectively. The experiments were performed with a focal position of the laser beam of − 3 mm. It can be clearly seen that the number of cracks is reduced as the welding speed decreases. The observed cracks in the X-ray images are indicated with circles.
Metallographic examinations in the form of cross sections of the welded joints are shown in Fig. 5 . The cross sections were extracted at the positions, where solidification cracks were determined. The weld shapes let conclude that the welds are formed to a wine-cup shape which is typical for HLAW. The upper part is an arcdominated zone with a wide fusion zone (FZ) and heataffected zone (HAZ). The root part is the laser zone and is characterized by narrow and nearly parallel seam flanks. The width of the seam increases as the welding speed decreases due to the higher heat input. It is clearly evident that the additional power of the arc welding process has no significant influence on the root part. Cracks are formed near to the root, which is in accordance with the results by Gebhardt et al. [15, 16] . The material separation cannot be filled with the additional filler wire.
To overcome this problem, further experiments were performed with a variation of the wire feeding speed in the range of 6.7 m min −1 -10.7 m min −1 . The laser power was kept at 9.5 kW at a welding speed of 1.5 m min −1 . The X-ray images are shown in Fig. 6 . It is evident that the arc power has a slight influence on the crack formation. Although the number of the cracks was reduced by an increase of the wire feed speed from 6.7 m min −1 to 7.2 m min −1 , beyond that, the number of hot cracks remains at the same level. There is a tendency that the arc power has a slight influence on the solidification cracks, but not quite as pronounced as that by Gebhardt et al. [15, 16] .
The cross sections are shown in Fig. 7 . An increase of the wire feed speed leads to an increase of the width of the FZ in the upper part and the root reinforcement. The depth, where the arc welding process has an influence, remains unchanged. From a penetration depth of approx. 4 mm, narrow and nearly parallel seam flanks can be seen. Figure 8a summarizes the dependence of the number of cracks on the wire feeding speed and the welding speed in Fig. 8b . As it is stated above, the number of cracks is slightly reduced as the wire feed speed increases.
It can be clearly seen that by increasing the wire feeding speed from 8.7 m min −1 to 10.7 m min −1 , the number of cracks remains approximately the same. It must be mentioned here that the influence of the arc power on the crack formation depends strongly also on the welding depth. The results by varying the welding speed have provided clearer evidence of its influence on the cracking phenomena. In Fig. 8b , the number of cracks increases as the welding speed increases.
The influence of the focal position of the laser beam was also examined. Figure 9 shows the X-ray images for specimens welded with different focal positions for two different welding speeds. Figure 9a -c shows results for welded joints with a welding speed of 1.5 m min −1 , whereas Fig. 9d -f for 1 m min −1 , respectively. For the higher welding speed, it can be clearly seen that a focal position of 0 mm leads to a reduction of the number of cracks.
For both welding speeds (1.5 m min −1 and 1 m min −1 ), a significant increase of cracks has been observed at a focal position of − 6 mm, whereas a significant reduction of the number of the cracks can be observed at the focal position of 0 mm. The influence of the welding speed and the focal position on the crack formation in the weld root is summarized in Fig. 10 .
The positive effect of reducing the welding speed and reducing the focal position from the specimen surface can be clearly recognized. That is by reducing the welding speed and focusing the laser on the specimen surface, the crack number has been significantly reduced.
To clarify the influence of the welding speed, numerical simulations were performed, since that factor showed the greatest impact on the solidification cracks at partially penetrated HLAW joints.
Numerical simulations were performed for the welding speeds of 1 m min −1 and 2 m min −1 , where a clear impact on the number of cracks can be observed. The heat source parameters, which were used for thermal analyses, were optimized to achieve a good match between the experiments and the model. These parameters were adjusted until an error of less than 5% was obtained. Figure 11a shows the weld geometry comparison between the numerical and the experimental cross sections after the calibration, and Fig. 11b shows the temperature measurements over time using thermocouples on the top and the bottom surfaces of the specimen compared with those obtained from The transversal and vertical stress distributions for a specimen welded with 2 m min −1 are shown in Fig. 12 . A concentration of stress at the root of the weld can be observed. As demonstrated by the numerical model, this concentration of stress arises in the same place as experimentally detected solidification cracks (see Fig. 13 ).
This tensile stress concentration at the weld root immediately after the solidification is critical for solidification cracking phenomena where interdendritic liquid remains, as reported by Zacharia [12] .
The transversal and vertical stress evolution versus the temperature during cooling at the location of the crack in the weld root is shown in Fig. 14. Transversal and vertical tensile stress development could be observed immediately after solidification, continuing to rise until reaching a value of 80 MPa and 110 MPa, respectively. The high tensile stress in the weld root can be attributed to the thermal stress (after solidification) and the restraint to shrinkage by the surrounding cold material.
This explains the usual crack form in the weld root having either a horizontal (Fig. 15a ) or vertical orientation (Fig. 15b ) or taking the shape of a cross under the influence of both stress components (Fig. 15c) . Figure 16 shows the stress development on the locations of the cracks for specimens welded with 2 m min −1 and 1 m min −1 over the temperature. By comparison of the stress development for the two welding speeds at the weld root, a reduction of the stress can be recognized. This reduction in the stresses is due to the increase of the width of the weld pool and the heat-affected zone (HAZ). The stress is reduced due to the reduction of the restraint to shrinkage by the surrounding cold material if the weld pool and HAZ in the laser-dominated area is getting wider as a result of the decrease of the welding speed.
In addition to the stress, the shape of the weld pool in the laser-dominated area plays a significant role in solidification cracking in the weld root. Figure 17 shows the cross section for two specimens welded with 1.5 m min −1 (a) and 1 m min −1 (b). The overlap of the two fusion lines taken from the cross sections are shown in Fig. 17c . The angle between the fusion line and the vertical line refers to the mechanism of the solidification. Here, it can be seen that the width of the seam increases significantly with the reduction of the welding speed. In addition to the expansion of the seam, it can be recognized that the seam flanks do not run parallel at the welding speed of 1 m min −1 . The angle of the seam flanks opens strongly in the laser-dominated zone. For the other specimen, the seam flanks are parallel in this area. The parallel seam flanks promote hot cracking [24] . Due to the parallel melting fusion lines, low-melting eutectics, such as iron sulfide (FeS), accumulate in the middle of the seam. This metallurgical factor, i.e., low-melting eutectics between the two solidification fronts in the weld root (see Fig. 18b ), is normally an undesirable contribution to [8, 25, 26] . The larger the flank angle of the weld, the more impurities can be brought to the surface of the weld bead. Welds with a wide width-to-depth ratio would favor this effect. The schematic solidification of a weld with a small width-to-depth ratio and a weld with a large width-to-depth ratio is shown in Fig. 18 . This figure also shows where the impurities would collect.
Conclusion
In this study, the influence of the welding speed, the arc power, and the laser focal position on the solidification crack formation for partial penetration laser hybrid-welded thickwalled plates was investigated.
The solidification cracking in the weld root is a result of interaction between metallurgical and geometrical and thermomechanical factors.
Experimentally, a direct correlation between the welding speed and the crack number was observed. That is by reducing the welding velocity, the crack number was decreased. The focal position shows also a significant influence on the crack number. By focusing the laser on the specimen surface, the crack number has been significantly diminished.
The wire feed speed showed a very slight influence on the crack formation. That is due to the large distance between the critical region for cracking and the arc region.
The numerical model shows a high stress concentration in the weld root for both components (vertical and transversal). Cross sections for specimens welded with a laser power of 9.5 kW at a welding speed of 1.5 m min −1 and a wire feed speed of 6.7 m min −1 (a) and for specimens welded with a laser power of 7 kW at a welding speed of 1 m min −1 and wire feed speeds of 7.2 m min −1 (b), (c) comparison between the two cross sections Numerically, the reduced welding speed showed a strong impact on stress, as the model demonstrated a lower stress amount by decreasing the welding speed.
The metallurgical factors, such as the assumed accumulation of the low-melting eutectics in the weld root, should be a contribution for solidification cracking, where the tensile stress is acting.
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